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Amendments to the Specification: 

Please replace paragraph [0014] with the following amended paragraph: 
[0014] The coherent detection process may be explained with several 
mathematic equations. The following description utilizes complex notation for sinusoids 
that are summarized in Appendix A. The electric field of the signal may be written as: 

Please replace paragraph [0015] with the following amended paragraph: 
[0015] where -Ej^ E,{t) is the slowly varying envelope containing the 
information encoded on amplitude and phase of the optical signal. Similarly, the electric 
field of the local oscillator may be described as: 

Please replace paragraph [0016] with the following amended paragraph: 
[0016] Rc[e, \ 

Please replace paragraph [0017] with the following amended paragraph: 
[00 1 7] where is a constant for a local oscillator. The electric field of the 

light arriving at the photodetector 29 in the top branch of FIG. IB (or the photodetector 
24 in FIG. 1A) is the sum of the two electric fields: 

E^=R^[E,{ty^-^'+E,oe^-'o'\ 
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Please replace paragraph [0018] with the following amended paragraph: 
[00 18] and the optical power is: 

Please replace paragraph [0019] with the following amended paragraph: 

[0019] In the case of single ended detection, only one output of the combiner is 

used, feiot^ is constant with time. \E,{ff \E,{tf is relatively small, given that 

the local oscillator power is much larger than the signal power. In addition, for the 

phase shift keying (PSK) and frequency shift keying (FSK) modulation formats 

\E,{if is constant with time. The dominant term in equation 1 is the beat term 

r\e,{^)E,o\^^'>^'-<'>'--^ K^^^^ 

Please replace paragraph [0020] with the following amended paragraph: 

[0020] The output of the lower branch is the difference of the two electric fields, 

and the optical power is: 

Please replace paragraph [0021] with the following amended paragraph: 
[0021] The other mode of detection is balanced detection, where the electrical 
circuitry after the photodetectors evaluates the difference in photocurrent between the 
two detectors: 
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/>, -/>2 =4Re[£,(/)£,o*g'(^--'"">> j 

Please replace paragraph [0024] with the following amended paragraph: 
[0024] There are two modes of coherent detection: homodyne and heterodyne. 
With homodyne detection, the frequency difference between the signal and the local 
oscillator is zero. The local oscillator laser has to be phase locked to the Incoming 
signal in order to achieve this. For homodyne detection the term ^j''^"-' ^ g'K-<^//j> 
is 1 , and the beat term becomes 

Ro[E,(t)Ew\ 

Please replace paragraph [0025] with the following amended paragraph: 
[0025] For the binary phase shift keying (BPSK) modulation format, 

takes on the value 1 or -1 depending on whether a logical "1" or "0" was transmitted, 
and the decision circuit can simply act on the beat term directly. Homodyne detection 
requires that the bandwidth of the photodetector and the subsequent components be 
close to the bit rate. In addition, homodyne detection gives a better sensitivity than any 
other way of detecting the signal. Also homodyne detection has an inherent ultranarrow 
optical filtering capability, in that all regions of the optical spectrum, which are more that 
the detector bandwidth away from the local oscillator, are rejected. This feature means 
that homodyne detection can support a higher density of WDM channels than by using 
passive optical filters for WDM demultiplexing. The homodyne detection method has 
the disadvantage that the local oscillator must be phase locked to the signal. The local 
oscillator and signal lasers must be narrow linewidth lasers, such as external cavity 
semiconductor lasers, which are typically more expensive than the distributed feedback 
(DFB) laser. Additionally, some polarization management methods do not work with 
homodyne detection. 
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Please replace paragraph [0026] with the following amended paragraph: 
[0026] With heterodyne detection, there is a finite difference in optical frequency 
between the signal and local oscillator. All the anfiplitude and phase information on the 
signal appears on a carrier at angular frequency — e^Tjj)- {eo^ -o)io), known as the 

intermediate frequency (IF), which can be detected using standard radio detection 
methods (e.g., synchronous detection, envelope detection or differential detection). 
Heterodyne detection has the advantage that the local oscillator does not need to be 
phase locked, and a DFB laser can be used for the LO and the signal lasers. Also it is 
possible to employ signal processing in the IF to compensate for chromatic dispersion, 
which is considered impossible to do with homodyne detection by existing techniques. 
The heterodyne detection processes suffer from the disadvantage that the difference 
frequency must be at least equal to half the optical spectral width of the signal, about 
0.75 times the symbol rate, to avoid a penalty from self-imaging, which requires the 
bandwidth of the photodetector to be at least 1.5 times the symbol rate. The sensitivity 
of heterodyne detection is 3dB worse than homodyne detection. In addition, for 
heterodyning to work, there must be an empty region in the optical spectrum adjacent to 
the signal being detected, which constrains the density at which WDM channels can be 
packed. 

Please replace paragraph [0050] with the following amended paragraph: 
[0050] The present invention provides for recovery of information on an optical 
signal using a local oscillator which is not phase locked to the signal, and which may 
have an optical frequency arbitrarily close to that of the signal. FIG. 3A illustrates a 
simplified block diagram of a single ended quadrature sampling receiver 50 in the 
preferred embodiment of the present invention. A 90° hybrid passive unit 54 is depicted 
within the dotted box. The method of recovering a digital representation of the complex 
envelope of the signal electric field is known herein in the present invention as 
quadrature sampling. The 90" hybrid passive unit mixes the signal with a local oscillator 
56 in two paths, such that the phase difference between the signal and LO 56 in one 
path differs from the phase difference in the other path by about 90°. There are many 
ways to make the 90° hybrid. As illustrated in FIG. 3A, the 90° hybrid passive unit splits 
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both the signal and LO and then combines in each output arm a replica of the signal 
with a replica of the LO. However, there is an extra path length in one arm of the LO 
splitter to apply the phase shift. The electric field of the local oscillator may be written 
as Re[ii;^o<j'''''"'^j RelE^oe""'"' J for the top path and R c ^E ^^o'^''"'"' \ ^^^Elo^'"'"' J for the 
bottom path, while the signal is Re[Cj j Re[£j(^)e""'''J in both paths. After mixing 
the LO with the signal, the beat term for the top path is, following equation 2 or 3: 
beut teim 1 - Rt[E,{t)Ei^o**i'^^ ' ~'""'^\ W 

beat term 1 = Re[i;, {()Ei^o'^'^"''~"''"^\ (4) 

Please replace paragraph [0051] with the following amended paragraph: 
[0051] and for the lower arm: 

beut lei m 2 - Re[- iE, {t)Ei^o*>^'^"' ' ~''"'^ j 

bmt tei m 2 - Iiu[ii:, {l)Ei^oii'^^'-<^'-<'^ J (S) 

beat term 2 = Re[- iE, {f)E i^* e'^'""''"'-'''^ J 

beat term 2 = Im[£:, ^)E iJ e'^"'-'"''>'^ J (5) 

Please replace paragraph [0052] with the following amended paragraph: 
[0052] Two A/D converters 58 and 60, utilized after the photodetectors 62 and 
64, in the two paths convert the photocurrents proportional to these two beat terms into 
a sequence of numerical values versus time. The digital signal processor unit 36 
accepts inputs from the A/D converters in both paths. The DSP is capable of doing 
computations on complex numbers. The DSP is also able to calculate from its inputs, 
the complex envelope of the signal electric field, E^it) using the following 

formula: 
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V ) = — L(^^'^^ ^^^^ ^ ) + '(^^^^ ^^^^ 2)J (6) 

Please replace paragraph [0054] with the following amended paragraph: 

[0054] 4- ^ the argument (phase angle) of ^£7^ Ef^Q. This method of 

recovering a digital representation of a complex signal is known as quadrature 
sampling. This method may also be referred to as a heterodyne detection followed by 
synchronous demodulation using a complex local oscillator and digital phase estimation. 
Although quadrature sampling is used in radio communications, it has never been 
applied to the detection of an optical signal before. By combining sampled values from 
the two paths of the 90° hybrid passive unit into complex numbers, it is possible to 
perform heterodyne detection without problems from self-imaging even when the IF is 
much lower than the bit rate. Equation 6 assumes that the two beat terms are 
effectively sampled at the same instant. If the path lengths are not equal from the signal 
splitter to the two A/Ds, then this will cause timing skew. The DSP can compensate for 
the skew by using an elastic buffer store at one of its inputs. 

Please replace paragraph [0055] with the following amended paragraph: 

[0055] The rotating phasor in equation 6, ^.-'K-^/ . r.> /£^^^* 

contains — ^^m^ — ^ -(^lo^-^* the phase of the signal with respect to the LO, 

which is not provided directly to the DSP and must be calculated by it from heat term 1 

and beat term 2. Only when the estimate of ^ — o)iij)t ^ -^lo}-^ 's correct 

continuously over time (when the phase estimation algorithm is locked) may the data be 
recovered with a low bit error rate. After locking has occurred, the phase term wanders 
because of the finite linewidth of the signal and LO lasers over a time of typically many 
bit periods. The phase estimation algorithm must then track this phase wander. There 
are many types of phase estimation algorithm that can be implemented within the DSP, 
as described in "Digital Communications" by John G. Proakis (Proakis). If the 
modulation format of the incoming signal contains a pilot carrier then a digital phase 
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locked loop (PLL) or an open loop phase estimation algorithm can be applied to 
[beat term l) i i{bcat term 2) (beat term l)+ /(beat term 2) directly. An example of an open 
loop phase estimation algorithm is taking the arctangent of the ratio 
{beat term 2)/{beat term l) followed by a low pass filter function. When the signal's 
modulation format is such that it contains no carrier then {beat term \) + i{beat term 2) 
(beat term l)+ /(beat term 2) must first be processed by a sing le spectral line generation 
function, such as a squaring function (or power law function in the case of high order 
PSK), or a decision directed multiplication, or in a Costas loop which combines the 
singl e spectral line generation function with the PLL. An alternative method of 
estimating the phase is to make use of known sequences of symbols that are repeated 
in the transmitted signal every time interval -f^Tseq > l^^t this kind of method is useful 
only when the frequency difference between the signal and local oscillator is small, less 



Please replace paragraph [0058] with the following amended paragraph: 

[0058] The values of Rc[£,(/)] Re[£,(/)] and lm[£,(/)] Im[£^(/)] within the digital 

signal processor are the same as the detected optical powers that would be observed in 
the two arms of a conventional phase and quadrature homodyne detection system, 
such as with the QPSK receiver disclosed in "Linewidth requirements for optical 
synchronous detection systems with nonnegligible loop delay time," by S. Norimatsu 
and K. Iwashita (Norimatsu). Such a conventional receiver needs to have the local 
oscillator phase locked to the incoming optical signal, unlike the present invention. The 
digital information is obtained from -%(4 E^{t) by applying the function of a decision 

circuit within the DSP. For example, for BPSK E, takes on values [1,-1], and the 

decision circuit function operates on Ro[£^] Re[£^] with a threshold close to zero; 

Im[£^] Im[£j] may then be ignored. For quadrature phase shift keying (QPSK), 

takes on values [1+/, 1+/,1 /, 1 i] rH-/.-1+/.1-/.-1-/l . (i.e. two bits per symbol). Separate 
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decisions are made on RofiBJj Re[£j] and lm[E,] Imff^] to give the two bits of content 
of tfie symbol. 

Please replace paragraph [0059] with the following amended paragraph: 

[0059] For some applications, such as the detection of a BPSK signal, the entire 

complex envelope of the electric field of the incoming signal does not need to be 

evaluated; only one component, such as the real part of the complex envelope, is 

wanted. Examples of a component of the complex envelope of the electric field are 

He sit)] Re[£,(/)] . lm[EM Im[£,(/)] and Re[ir,(/>;^'^j Re[£,(/>'^j , where^ ^ Is a 

constant. 

Please replace paragraph [0061] with the following amended paragraph: 

[0061] If the phase shift imposed by the hybrid is not 90°, but given by e'^, 

the quadrature sampling process can still be applied by replacing equation 6 with 

£,(,) = £±:^r ,,rm ,)Jif>eanerrn2)-cosO{beaUer.^) 
Eio I V sin^ 

Please replace paragraph [0062] with the following amended paragraph: 

[0062] Only when [<9] ^ is close to 0 or tt (1 80°), does the quadrature detection 

scheme fail completely. 

Please replace paragraph [0072] with the following amended paragraph: 
[0072] The present invention may utilize a modification of this polarization 
diversity process. As discussed above, the signal and LO envelopes have been 
assigned complex scalar variables E,{i) and ^ E,o. The polarization nature 
is included by multiplying these scalar quantities by a Jones unit vector, so Sjif)- E^{t) 
becomes E,(t)p, and-g^- becomes £^op i^Q . The use of Jones 

vectors to represent polarization states is summarized in Appendix A. The result of 
coherent beating that appeared previously in equations 2 and 3 becomes: 
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beat tenn - R k [e, (/feo*'^'^'"' "'"'^'^'^s Plo* ] 
beat term = Re[£, (t)Ej^*e'^"'^-'''''Hs-PLo'' \ 

Please replace paragraph [0073] with the following amended paragraph: 
[0073] p^.pLo* Ps Plo* '^^ 1 when the LO and signal SOPs are aligned, and 0 
when they are orthogonal. The LO has mutually orthogonal SOPs in the two 
polarization diversity paths, which may be represented as the (real) Jones unit vectors 
X and y . The beat terms in the two paths are: 

beat tenn^ - Rc[£,(/)£i^o^'^'"' ~'"'^'^Ps-^j 
beat tti my - k\e, i})Eio^'^''-'"'^'^Vs i\ 

beat term^ = Re[£,(/)£io*^'^'"-^"'""'^P^-^J 
beat term^ = Re[£,(/)£j-c,*e'^'"^"'*'"^^p,.yJ 

Please replace paragraph [0074] with the following amended paragraph: 

[0074] The issue described above that prevents polarization diversity being used 

with homodyne detection may be summarized as follows: -pj* Pj.x and p^.y are 

complex quantities whose phase can vary independently over time. With homodyne 
detection, the function of the phase locked loop on the local oscillator is to adjust the 
phase of -^jjj- E^j to compensate for any phase changes in the incoming signal. 

However, it is not possible to keep constant both Ei^*pg.\ EiQ*p^.x and g/,o*Pg.y 
Elo*PsS - 

Please replace paragraph [0076] with the following amended paragraph: 

[0076] In the preferred embodiment of the present invention, polarization tracking 

is achieved by adding polarization diversity to the phase diversity (90° hybrid 
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arrangement) discussed above. FIG. 5 is a simplified block diagram illustrating a 
polarization tracking system 131 in the preferred embodiment of the present invention. 
This configuration includes four photodetectors 110, 112, 114, and 116 {assuming 
single ended detection) and four A/D converters 120, 122, 124, 126, going to the DSP 
130. If a LO 132 is divided into polarizations -r and -y- y , the four beat terms are: 



beat term \^ - 


-Rv[E,{t)E,o^"'"-' 


^^^-^ 

-"'-'^Ps-yj 


(9a) 


beat term ly - 
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beat term 1, = Re[E^{l)E,o*e'^"''~"''"^'p,.x\ (M 



beat term 


= Rc[EAt)E,oe'^'"^ 




beat term 2^ 


= Im[£,(/)£,o*e'(^ 


— >p,.x]_ 


beat term 2y 


= Im[£,(/)£^0%'("' 





Please replace paragraph [0077] with the following amended paragraph: 
[0077] In the case discussed above where the polarization behavior was ignored, 
quadrature sampling was utilized by forming complex numbers from the two inputs to 
the DSP and processing them according to equation 6. With the polarization diversity 
configuration, a Jones vector is formed from the four inputs to the DSP, and the signal 
electric field is calculated from: 



r tA e''^'" ''"'"^ ( [beat term 1 ^ 


)-\-i{beat term 2^)\^ * 






]+i{beat term2^)y^ 


— m 



^-'W-(Ouj)t r (beat term 1,.)+ /(beat term 2^)"^ » 



Please replace paragraph [0078] with the following amended paragraph: 
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[0078] To use equation 10 it is necessary to know -pj p^. This quantity can be 
estimated from: 




Please replace paragraph [0080] with the following amended paragraph: 

[0080] The time average is preferably calculated over many bit periods to 

average out any additive amplified spontaneous emission noise. However, ^ 

should be reevaluated sufficiently frequently so the changes in SOP of the incoming 

signal are tracked. 

Please replace paragraph [0081] with the following amended paragraph: 
[0081] With the present invention, this novel polarization diversity method is able 
to operate within the scenario that could not be tracked when using homodyne detection 
with existing methods. If -p^ p^-.x and ^ppy- p,.y evolve In phase differently from one 

another, then equation 10 may still be applied. In such a circumstance, it will involve 
multiplying the top Jones vector element by a different phase factor from the bottom 
vector element. Because it is a mathematical multiplication that is done within the DSP 
130, there is no constraint that the phase factor cannot be arbitrary as with an existing 
electro-optic phase modulator. Thus the present invention may be used with, for 
example, BPSK and QPSK modulation formats and provides the same sensitivity as for 
homodyne detection (i.e., the best possible sensitivity of any modulation format). 

Please replace paragraph [0082] with the following amended paragraph: 

[0082] The application of the polarization diverse process of FIG. 4A provides 

more than just a complex representation of the signal that is calculated within the DSP 
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130, but additionally, it Is a Jones vector representation that Is obtained, whicli contains 
all the polarization information. The Jones vector -Bj^ E, (/) is given by: 





^ {beat term \^)+ i{beat term 2^ )' 


(44) 




{peat term 1 )+ iipeat term ly ) 





g-'(«.v-«M;)' ( (beat term 1 ^)+ /(beat term 2^)^ 
^ U*'®^* l^)+/(beat term 2/) J 



Please replace paragraph [0084] with the following amended paragraph: 
[0084] The passive unit 54 discussed above combines the signal and local 
oscillator into four different arms. The SOPs of the local oscillator in two arms are 
orthogonal relative to the other two arms (polarizations tt £^and -y^y). Thus, a pair of 

arms having the same SOP also have phases that are 90° apart. The Jones vectors of 
the LO in the four arms are: 

c) 0 C) a 



Please replace paragraph [0088] with the following amended paragraph: 
[0088] Following the notation that the x-component of a Jones vector is denoted 
by adding suffix x, etc., with the Jones vectors of the LO in the four arms is -prPi. 
■prP2 . -PrPa ■p^p4 , and the corresponding photodetector outputs are beat term 1 .. 
beat term 4 , then the signal can be calculated from: 
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'Re[£,^(0]] fRef^iJ Im[^, J Re p,^ Im ^j^lrV beat term T 

^A^sx{()] _ g-'('^v-^">> ^4p2x] Im[p2.x] Re^2y I"^^2;., beat term 2 

Rekj'C^), " E[^o* Re|>3r] Im|>3 j Re ^"^,^3^, beat term 3 

Im[£,j,(r)]J [Re[p4v] Im[j&4j Re[p^y] Im[p4j,]J |^beatterm4. 



Please replace paragraph [0089] with the following amended paragraph: 

[0089] Equation 11 is a special case of equation 13 for -pp p, to -p^ P4 given by 

equation 12. The four -py- p, Jones vectors must be distinct from one another. If one of 

the -pr Pi is equal to another, or -1 multiplied by another (180° phase shift), then the 

4x4 matrix in equation 13 cannot be inverted. Therefore, «^ E^it) cannot be 

detennined. 

Please replace paragraph [0090] with the following amended paragraph: 
[0090] Thus, the quadrature sampling process may be used to determine the 
amplitude, phase, and polarization infomriation of a signal. An apparatus is used which 
contains a local oscillator and four independent photodetectors. Each photodetector is 
exposed to a sum of signal light and local oscillator light. The optical phase of the LO 
compared to the signal or the state of polarization of the LO compared to the signal 
must be distinct between the inputs to the four photodetectors. Specifically, no two 
photodetectors must see substantially the same relative phase and the same relative 
SOP. (A phase difference of 180° is considered to be the same as 0°. The requirement 
is that the four photodetectors see distinct Jones vectors of the LO compared to the 
signal.) Two Jones vectors ih" Pi^ and -Pr P2 are defined as being not distinct if there is 
a real number -/ esuch that p[ -Kp^ K _ such that p, = Kpj • An apparatus can be used 
that employs more than four photodetectors, if it is possible to select four 
photodetectors from the total that have distinct Jones vectors of the LO relative to the 
signal. 



Please replace paragraph [0093] with the following amended paragraph: 
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[0093] Another way that the quadrature sampling process may be used to obtain 
a representation of the signal, including its polarization information, employs two 
different local oscillators having different optical frequencies (see FIG. 4B). One of the 
LOs is split into two paths with different phases, but with the same SOP. The other LO 
is again split into two paths having different phases and the same SOP, but the SOP of 
the second pair of paths is close to orthogonal to the SOP of the first pair of paths. The 
Jones vector of the signal can be obtained by using a version of equation 11. If the first 
pair of paths has SOP tt ^ and LO optical frequency (Oiqx . and the second pair of 

paths has -y- and a^oy, , then 

^ ° E„* \ e"**"-"""*^ \^beat term 1 ,, )+ i[beat term 2^. )) J 

J, /X _ 1 f e"'^''''^"'^'"-^^ ((beat ter/n 1 J + /(beat term 2^ ))'j 
* ^ ~ [e"'^'"*"'"'-^^^ ((beat term \y )+ /(beat term ly )) J 



Please replace paragraph [0095] with the following amended paragraph: 
[0095] It is possible to use the polarization management features described here 
without using quadrature sampling. For example homodyne detection can be used with 
a polarization and phase diversity configuration whose outputs are digitized and 
processed by a DSP. In this case equations 10, 11 or 13 can be applied with 
— (t>iQ =0 co^ -6)10=0. Alternatively, conventional heterodyne detection can be 
used in conjunction with polarization diversity. The use of the DSP provides the same 
advantage described previously. Specifically, the incoming SOP can effectively be 
tracked endlessly even though homodyne detection is used, because the DSP is able to 
apply an arbitrary phase shift. 

Please replace paragraph [0097] with the following amended paragraph: 

[0097] The polarization tracking system 131 of FIG. 5 may be utilized to 

demultiplex two polarization multiplexed signals. Jones vector manipulation within the 
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DSP may be used to emulate the effect of inserting a polarizer in the optical signal path. 
In general, if the input to a polarizer is -E^ £,p,and the polarizer has maximum 

transmission state -PporPpo/. then the electric field at the output of the polarizer is 
^■9(ps'Ppoi*) p poi Es^,-Ppo*]ppoi . assuming no excess loss. The value of the electric 

field passing through the polarizer may be derived by using the following variant of 
equation 10: 

, . * e ''^'"^ ^ ( {beat term 1 J + i{beaf term 2^}] » 
g.(/)Ps.Ppo. - [(beatlrmU)^i(beatterm2^^^^^^^^ ^ 

^ / \ » , » g-'K-w//; > ( (beat term 1 J + /(beat term 2^)] , 

eA')p,-P^ °-^[(beat.ern.l,K,-(beattenn2,)f^ ^ 

Please replace paragraph [0099] with the following amended paragraph: 

[0099] The electric field of the multiplexed channels, A and B, may be written as: 

Re[£,,(/>'--v^p,,4.£,g(/>-->^'p,J 

Please replace paragraph [0100] with the following amended paragraph: 
[0100] "PskPsa and -Pse^p^b are the Jones unit vectors of the SOPs of A and B. 
To recover channel A, the signal must be effectively passed through a polarizer oriented 
to be orthogonal to channel S, that Is vw^Psb^ ■ Channel A is recovered by applying 
equation 14: 

r L\_ e~'"^^»^"^"^^^ (( beat term \^)+ i(beat term 2 J"] 
g-'(<f.v4-««;> ("(beat term l j+ /(beat term 2^)^ 
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Please replace paragraph [0101] with the following amended paragraph: 

[0101] PsA PsB^* P5/i P5S^*'s nearly 1, given that A and B are close to 

orthogonal, and can, therefore, be ignored. In a sinnilar manner, to recover channel B, a 

polarizer p,^^ is utilized: 

^~i{(> hn-o>i.o)f ( {beat term \^)+ i(beat term 2^)]^ 

Q -i{(OsH -oi,.o > (beat term 1 J + /(beat term 2 , )"! ^ 
E^%, .iJ' ji^ -erm l,)^i(bea. tenn 2,^'^ ^ 

Please replace paragraph [0102] with the following amended paragraph: 
[0102] The polarization multiplexed channels may be separated even if they are 
not perfectly orthogonal. They can be separated without the use of any extra hardware. 
The same polarization diversity tracking system 131 may be employed. To use 
equations 15 and 16, -Pss-Ps/j and p^flmust be known. -Pis-Pj/r ^"cl -Psb-Psb rnay 
be detennined by an adaptive process which explores all of the polarization space. 
When the value of -piB-PsB 's close to the correct value, it is possible to recover channel 
A recognizably. The bit error rate of A may then be used as a metric to obtain the exact 
value of ^sB-Psfl- When p,.^ and -PirPfS are known correctly, then each signal 
may be recovered without crosstalk from the other signal. iPss-P*// ^i^d iPsH-Pifi "^lust be 
allowed to track the slow variation in incoming SOPs due to the environmental 
disturbances experienced by the fiber link. The process of setting the orientation of a 
real (physical) polarization demultiplexer must also be conducted by trial and error and 
is relatively slow. The present Invention provides the advantage that the iteration speed 
is determined by the computation time within the DSP, and not by the reaction time of 
any polarization control hardware. 

Please replace paragraph [0110] with the following amended paragraph; 



Amendment - PAGE 17 of 54 

EUS/J/P/06-9275 



Attorney Docket No. 5034-0001 
Customer Number 28777 



[0110] 



The quadrature sampling process provides a complete representation of 



the optical signal (i.e., amplitude, phase, and state of polarization). All other parameters 
may be derived from this basic information. With this complete representation of the 
signal, the result can be calculated for any deterministic physical process that happens 
in the transmission optical fiber or the terminal electronics, provided the calculation is 
within the computation ability of the DSP. Any deterministic impairment can be 
reversed by a calculation within the DSP. The term "deterministic process" does not 
include the addition of noise, or the subtraction of added noise. It is not possible to fully 
reverse all impairments using an equalizer (DSP or ASP) after direct detection, although 
such an equalizer can improve the signal. The result of the direct detection operation is 
\Ejit^ \Es{t}^,and the phase and polarization information has been discarded. 



Please replace paragraph [0115] with the following amended paragraph: 
[01 15] For chromatic dispersion (CD) on an optical signal, the CD of a section of 
fiber is described by the 2"" order group delay coefficient -jSj /Jjand the fiber length -t 
L_. This is disclosed In "Nonlinear fiber optics" by G. Agrawal (Agrawal 1). If the 
electric field envelope at the input to the fiber is £, ■ „(/) , then the Fourier transform 

is denoted by £,„(a>) and similarly for the output field £«„,(/). Ignoring 

the effect of fiber loss, the Impact of chromatic dispersion alone is: 



Please replace paragraph [01 16] with the following amended paragraph: 
[01 16] Inverting this relationship results in: 




IlZi 
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Please replace paragraph [01 17] with the following amended paragraph: 

[01 17] Equation 17 deals with the Fourier transform of the signal, i.e. it expresses 

a linear filter relationship. Denoting the filter function by /(a?) /((u) 

j\co) = e - - 

f{(0)=e 2 



Please replace paragraph [0118] with the following amended paragraph: 

[01 18] and its Inverse Fourier transform f{t)can be calculated. Then: 

eM= E,M®f{t) (181 



Please replace paragraph [0119] with the following amended paragraph: 
[0119] donotos th e convo l ution oporation.) {® _ denotes the convolution 

operation.) Equation 18 may be applied by the DSP, and, in principle, compensates 
perfectly for the chromatic dispersion of the fiber section. The DSP can convolve only a 
finite length vector /(/), and so it has to be truncated according to the computation 
ability of the DSP. -f^ f{t) takes the form of a resonance with high magnitude points 
close to ( = 0 , so the truncation should not lead to a large error. If of the 

link is not known, it can be found adaptively, such as by updating the vector /(/) by 
trial and error to obtain the best result. 



Please replace paragraph [0122] with the following amended paragraph: 

[0122] Oftentimes, most of the system penalty comes from first order PMD. If the 

input to a section of fiber is £:,„(/)pi„ £/„(/)p,„ (constant in SOP with time), the output is 

Eout(0 ^ouM (not necessarily having constant SOP with time). In addition, the 
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principal states have Jones vectors -pn^n- Vpmd and Vpmd > anci the first order 

PMD is ^ j_, then ignoring the SOP transformation of the fiber section and ignoring the 
fiber loss, the impact of the first order PMD is: 

^out {f) = Ei„ {tip in V PMD )P PMD + ^in 0 " 4^ in -PPMD^* )p PMD^ (19) 

Please replace paragraph [0123] with the following amended paragraph: 
[0123] Equation 19 indicates that the signal is separated in two according to how 
much of the signal lies in the two principal states and one state is retarded in time by -f- 
while the other is left alone. Equation 19 is reversed by: 

^m(0-Eo»tO)f>PMD*(PinPPMD*)+ ^outi' + 4PpMD^* (pin ApMD^* ) W 

EM=[^ou,it\PPMD*hin-PPMD)A^ou,{l + 4PPMD^*hin-PP.^^^^ (20) 

Please replace paragraph [0124] with the following amended paragraph: 
[0124] This relationship may be implemented by the DSP so as to compensate 
for the first order PMD. -f- is typically not a whole multiple of the sampling interval of 
the A/D. Therefore, it is necessary to perform interpolation to obtain both Eo„t (/) 
Eo»/(0 and E^uiii i r) Eo„,(/ + z-). ppyj) ppj^^ and ^ r_ are not known initially to the 

DSP and must be found adaptively. These values vary with time and, therefore, the 
DSP must track the real values. 

Please replace paragraph [0127] with the following amended paragraph: 
[0127] Multipath interference occurs when an optical signal is split into two or 
more paths having different physical lengths and then recombined. Usually one path 
(i.e., the main path) carries a much stronger signal than the others, but the power in the 
"echoes" arriving via the other path degrades the signal that has traveled through the 
main path. FIG. 7A is a simplified block diagram illustrating a subsystem 300 that 
contributes MPI, containing a pair of optical amplifiers 302 and 304 connected in 
parallel. The two optical amplifiers have different passbands. FIG. 7B is a graphical 
representation of an associated gain spectrum for FIG. 7A. The configuration in FIG. 
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7A is used to produce amplification over an extended optical bandwidth. However, it is 
not possible to operate over a continuous bandwidth because there is an unusable 
region in between the two passbands where the MPI is too great. At a wavelength in 
the dead zone, typically one amplifier has more gain, called ^ G] , but the gain of the 
other amplifier, ■% G2, is sufficiently large that MPI is a problem. The impact of this 

situation of two path MPI on the signal electric field is (ignoring the effect of the optical 
polarization); 

EaM=^Eir. jth^e-''^-^^-^"" E,„(t - T^,, ) (211 

Please replace paragraph [0128] with the following amended paragraph: 

[01 28] where -^i^ Ti,,pi is the difference in time delay of the two paths. 

Please replace paragraph [0130] with the following amended paragraph: 
[0130] where ■^^samp ^samp is the sampling interval of the A/D converter and it is 
assumed that 1^ _r^is a whole multiple of t^^. The MPI impaimrient is 

reversed by: 

Ei„ (^) = ^ — {z) (22) 

Please replace paragraph [0131] with the following amended paragraph: 
[0131] MPI compensation can be achieved by implementing a digital filter within 
the DSP. As explained in Lyons, the output -y^y{n) of a general recursive digital filter 
is computed from the input x{n) by: 

y(n)-taAn k)x±b,y[n k) 

ft=0 A=0 
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y{n)= f^ai,x{n-k)+Y,b,^y{n-k) 

k=0 k=l 



Please replace paragraph [0132] with the following amended paragraph: 

[0132] The transfer function of equation 22 may be obtained from a digital filter 

using these coefficients: 

flfe =0 

0^=0 k>Q 



Please replace paragraph [0133] with the following amended paragraph: 

[01 33] bk=- p-e-''"«^*"v k = 

bk=0 otherwise 

bk=0 otherwise 



Please replace paragraph [0134] with the following amended paragraph: 

[0134] -mF T^MPi and -^j/^Gj/G, can be found adaptively by the DSP given 

that they are not known initially. 

Please replace paragraph [0139] with the following amended paragraph: 
[0139] When coherent detection is used, it is equivalent to inserting a narrow 
optical filter centered around the local oscillator wavelength. The passband shape of 
the filter is symmetric, and is given by unfolding around &-0 a} = 0 the baseband 
response of the detector + amplifier chain + other components prior to the decision 
circuit (in the present Invention, the A/D converter + DSP). Within the preferred 
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embodiment of the present invention, the effective filter shape may be tailored within the 
DSP. An adaptive filter may be incorporated in the DSP first to undo any unwanted 
features In the frequency response of the detector etc. 

Please replace paragraph [0141] with the following amended paragraph: 
[0141] For example, assume that the desired filter shape is f{(o - (Oiq) 
f((jt>-o>io)- The filter shape does not have to be symmetric about eo o),^q ° 0 
(o-o>io = 0 , as it would if an analog signal processing stage were used. The constraint 

does not apply because the DSP is processing complex electric field values. Assuming 
that the detector + amp chain effectively has a flat frequency response, the optical filter 
Is implemented by: 

E,jui{t)-E,{t)(2>f{f) 

Please replace paragraph [0142] with the following amended paragraph: 
[0142] where -fif^ f{t) is the inverse Fourier transform of f{co). 

Please replace paragraph [0144] with the following amended paragraph: 

[0144] Recalling that the optical power in one arm of a coherent detection 

apparatus is given by equation 1 : 

A -\Esiff AE,of -f 2R4£,(/)£,^^'fa-^ . n>] ^ 

=\E,{ff ^\E,of ^IR^E^ELoe'^^^-'^'-^] [1) 

Please replace paragraph [0145] with the following amended paragraph: 
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[0145] The local oscillator power \ Elo \ ^ \^lo\^ 's cc nstant, so the detected power 

is equal to the beat term only if the local oscillator power is considerably larger than the 

signal power. Differential detection allows the \E^{t'f' term 

is preferred to utilize single ended detection because It 
photodetector. 



to be subtracted. However, it 
saves the cost of a second 



J amended 



Please replace paragraph [0146] with the following 
[0146] It is possible to deduce E^{t) from th€ 

quadrature sampling receiver, even if the LO power is 
power. A first estimate of the signal envelope 



method for quadrature sampling described above. This fjirst estimate will be related to 
the true value Ej{t) E^(t) as follows 



^Ein 



Please replace paragraph [0147] with the following 
[0147] The proportional deviation of E^^^yif) E^ 

second term in equation 23) has magnitude 

m 



3 amend Bd 



Please replace paragraph [0149] with the following 
[0149] -^TesTT ^sesti 's closcr to Sj E^. than 
power of the LO is greater than that of the signal. In actusjlity, 

-6f E, by: 



paragraph: 
two phase diverse arms of a 
: much larger than the signal 
^sesi\i^) is made using the 



(23) 



paragraph: 

est\ 

(t) from ^ E,(t) (the 



paragraph: 
^sest\ provided that the 

-^Tesrr ^sesn is related to 
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emem' f£;('K('f _-^fa.-.„.v (i^'^£.('r^-,(..-.,„v 



Please replace paragraph [0150] with the following amencjed 
[0150] The proportional deviation of £^^^^2(0 



magnitude 

Please replace paragraph [0151] with the following ami 
[0151] which is smaller than it was for rE^^ E 



equation 24 yield an estimate of -Ey that is closer to the actual value. 



Please replace paragraph [0158] with the following amen< 
[0158] To detect two channels, centered on -e^ 
same receiver, equation 6 is used with different signal 
function -f^ f{{o) (having inverse Fourier transform 
the other channel as shown below: 



-i{o),ii-mu,)t 



^pcat term l) i i{bcai 



^bcat term l) i i{bcat term 2)] ® /(/) (2Sb) 
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AEio\ELof 



paragraph: 
if) from E,(t) now has 



3d paragraph: 

Repeated iterations of 



paragraph: 

eog^ and -6)j^ cd^q , using the 

center frequencies and a filter 
-f(t)^ f{t) is applied to remove 



:)] ®'/(/) 9^ 



EsA W = [(beat term l) + /(beat term 2)] (E| /(/) (25a) 



£.b(') = 



-'(<«v/i-«/.0> , 



-[(beat term l)+ /(beat term 2)] (8 fit) (25b) 



Please replace paragraph [0161] with the following amenced paragraph: 
[0161] For two WDM channels, A and B, in the presence of additive noise from 
optical amplifiers -n^ «(/), the signal electric field (ignoring SOP) arriving at the receiver 
can be written as: 

R4i:,fO>^'^'^-''+£g(/>^"^^^UA/(/)j 

Re[£,(/y-'^U£^(/>'-^^ +;.(/)] 



Please replace paragraph [0162] with the following amencjed 
[0162] A first estimate of each of the channels m^y 
sampling, either in one receiver or in two separate rec 
applying a narrow filter having impulse response -f^ 
estimates will each contain crosstalk from the other chanrlel. 



Please replace paragraph [0163] with the following amended paragraph: 
[0163] EAesAf)-EAf)®f(f) ■ (»(r)c-'"''^ )©/(/) i (Iz^(/X'^""-"^>)q/(0 - 
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paragraph: 

be made using quadrature 
srs with different LOs, and 
/(/), per equations 25. The 



9^ 



Ea esn (0= EAt)® /(/)+ («(/>-'""' )® /(/)+ (£fi(/>'' 



Eb esn (0 = Es{t)® /(/)+ («(/>-'•-"' )(8> /(/)+ (/),4.-.> )<8) /(,) 



-9m 



(26a) 



(26b) 
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amended 



Please replace paragraph [0164] with the following 
[0164] The first term of the right hand side of 
filtered version of the desired signal, the second temn 
crosstalk. The presence of crosstalk means that the bit 
would be if the other channel were not there. The two 
decision function, denoted by-Q^ Q{.), which predicts 

transmitted. The quantized value of each channel, 

Qi^ciie)' can then be subtracted from the other channel 



paragraph: 
ecjuations 26a and 26b is the 
noise, and the third term is 
orror rate will be higher than it 
estimates can be passed to a 
w lich of the allowed values was 

efe:r) el^wj or 



to make a second estimate: 



Ea esM - E, (r) [q[e, (0>'-^-^-^> )© f{t) - 



-E,,M [Q[EAeMY'''-'''^'hm 



Ea eAt) = Ea esn (/)- esn (/)y^-»-^> /(/)_ 

Eb e.2 (0 = Eb (0" esn {t)y^''^-""'> )® /(/)_ 



Please replace paragraph [0166] with the following amended 
[0166] The accuracy of , which uses 

compared with £'^..v,i. which does not utilize crosstalk 

equations 26 into 27a provides: 



Ea esa (0 - E^ {t)®f{t)+[n{ty''"-^' )® /(/)+ ((£^(0- 



Please replace paragraph [0167] with the following amendled paragraph: 
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(27a) 
(27b) 



paragraph: 
crosstalk subtraction, can be 

subtraction. Substituting 



(^))yK-^.v)®y(f) ^ 
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[0167] The function EB{t)-Q(EQ,,ti{t)) is zero nnost of the 

time, and has a pulse whenever a bit error occurs based on -^^^ E^^,^ . The noise 

term in equations 28 and 26a cannot be avoided, and in fact it is the target to make the 
system noise limited. Comparing equation 28 with 26a, g^^^jj £^^,,2 is closer than 

to E^(t)®fit) E At)® fit) provided that E^^q(e^,,,i] £5 -^I^s^m) 

has a lower root mean square (r.m.s.) deviation than E/^^^n Eg^^^^. This is correct 

when the BER of gg^^/i is lower than about 0.5. The channels should be spaced 

less than approximately the symbol rate before this condition is violated, so linear 
crosstalk subtraction enables a very low channel spacing to be achieved. 



Please replace paragraph [0171] with the following amended paragraph: 
[0171] The discussion above utilizes complex numbers to describe sine and 
cosine functions because this notation is a compact way of including the phase of the 
sine wave or cosine wave. For example the electric field is written in the fomn: 

E{t)-K\E,,^<^^\ ^ 

£(/)= Re[£,e"^ J (AD 



Please replace paragraph [0172] with the following amended paragraph: 

[0172] where -Ej E^ \s ^ complex number. This can be expressed in terms of 

sines and cosines as: 

^(r)-^RoKM^/) ImK]ain(^/) 
E{t) = Re[£^ ]cos(»/)- Im[£, ]sin(fi>/) 

Please replace paragraph [0173] with the following amended paragraph: 
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[0173] Or if complex -Ej is written in terms of its magnitude and phase as: 

Please replace paragraph [0174] with the following amended paragraph: 
[0174] then A1 becomes: 

E{t)=\E^\cos{Q)t + &,) 



Please replace paragraph [0175] with the following amended paragraph: 

[0175] The complex number notation is compact because the phase of the sine 

wave is stored in the phase of the complex number. 

In some places in the discussion, there appear equations like: 

beat term - R's\EgEi^Q* e'^"^ j ■■ (A2) 

beat terai = Re[E^E^Q*e''^ \ (A2) 

Please replace paragraph [0176] with the following amended paragraph: 

[0176] -BiQ^ Ei^Q* is the complex conjugate of -%7 E^q, meaning that every 

occurrence ©f^ of / is replaced with -i -/. and: 

=\£Lo\e-'^"' 

Please replace paragraph [0177] with the following amended paragraph: 
[0177] So A2 can be rewritten as: 

beat term | £, || ir^^|cos(dJ/ i < ?, Oj^o) 

beat term = |£j \\Eiq \ cos{o)t +6^- Oiq ) 
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Please replace paragraph [0178] with the following amended paragraph: 

[0178] The appearance of E^Eip* ^s^lo* A2 means to take the phase 

difference between -Eg Eg and -Ej^ Ej^ . 

Please replace paragraph [0179] with the following amended paragraph: 

[0179] The power of an optical wave is given by the magnitude squared of 
the complex electric field, and does not have a sinusoid time dependence. In the case 
of a field given by A1 : 

power = (Ege'"" )* (Ege''")= \ Egf 
power = (£,.''^ )=|£,|2 



Please replace paragraph [0183] with the following amended paragraph: 
[01 83] A Jones unit vector p has the property that is: 

P P* - 1 
PP* = 1 

Please replace paragraph [0184] with the following amended paragraph: 

[0184] If light polarized in SOP -p^p, passes through a polarizer oriented in 

direction ■pyP2, then the electric field is scaled by P1P2* P1P2* 'ri general 

0<|pi.p/|<l 0<|p,.p2*|<l. 

Please replace paragraph [0185] with the following amended paragraph: 
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[0185] The Jones unit vector of the state orthogonal to is denoted in the 
above discussion by p^p^ , and 

Please replace paragraph [0186] with the following amended paragraph: 
[0186] 















p = 


ft) 



then 







Py\ 
Px\ 


Px 






Py 


Py 



\pA 
-Ejl 

Py 



Py 
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